Recebido em 28/10/09; aceito em 30/7/10; publicado na web em 17/11/10 Groundwater quality of a riparian forest is compared to wells in surrounding rural areas at Urupá River basin. Groundwater types were calcium bicarbonated at left margin and sodium chloride at right, whereas riparian wells exhibited a combination of both (sodium bicarbonate). Groundwater was mostly solute-depleted with concentrations within permissible limits for human consumption, except for nitrate. Isotopic composition suggests that inorganic carbon in Urupá River is mostly supplied by runoff instead of riparian groundwater. Hence, large pasture areas in addition to narrow riparian forest width in this watershed may have an important contribution in the chemical composition of this river.
INTRODUCTION
Since ancient times groundwater has been the main source of potable water in regions suffering drastic surface water deficit as well as those lacking water treatment units. Several authors have emphasized that groundwater chemistry is highly variable, either seasonally or spatially and, in general, is adequate for both human and animal consumption and irrigation purposes. [1] [2] [3] [4] With increasing potable water scarcity the use of groundwater as an alternate resource in several countries have turned this into an extremely exploited source of drinking water. 5 The consequences of this process brought not only benefits (for social and economical purposes) but also significant resource sustainability problems as inefficient use of this natural resource, social inequity in access to groundwater, irreversible aquifer damage, etc. 6 Deforestation in the Amazon region has resulted in the fast shifting of natural vegetation into other land uses, mostly extensive pasture fields. 7, 8 In this process a large number of settlers have occupied regions where precarious conditions prevail (e.g. no electricity, piped water, sewage disposal, etc). Rondônia State in Brazil clearly portrays this situation, mainly after massive migrations during the 70's, when a large amount of farmers (especially from southern regions) was stimulated by government to move to this state in order to start the occupation of the new "agricultural frontier". 9 Since the early stages of these new settlements, water supply in rural areas of Rondônia was usually obtained by pumping groundwater from both shallow and semi-artesian wells (tubular). The wells were usually selected according to the phreatic surface level, with the latter being drilled to much deeper depths. 10 Little information is available on groundwater quality in the Amazon region, most of it focusing on urban wells and a few on forest and pasture areas. [11] [12] [13] [14] [15] [16] The lack of reliable data on groundwater quality is currently a serious limiting in rural water-supply project designs and an effective monitoring program should be developed in order to improve rural drinking-water supply. 17 Hence, in order to increase the knowledge about the chemistry of this important water resource, this study focused the comparison of groundwater chemistry dynamics in more pristine riparian wells against those located in rural areas, both located in an intensively deforested area in the Amazon region.
EXPERIMENTAL

Site description
The study was performed at the Urupá River basin in the state of Rondônia, Western Amazonia ( Figure 1S , supplementary material). Climate in the region is characterized by a mean annual temperature of 25.6 ºC and a mean annual precipitation of approximately 2,000 mm, based on measurements from 2000 to 2008 at Ji-Paraná city, 18 most of which falls as rain between November and April; this value is close to reported in other studies in Rondônia. 19, 20 Ballester et al. provides a detailed description of the Urupá basin. According to these authors, the total area is 4,209 km 2 , with 49.9% occupied by forest and 42.6% with pasture. In general, this watershed exhibit eutrophic soils, with high cation content, and these characteristics are also reflected in Urupá River, which is one of the rivers with highest ionic content and electrical conductivities in the Ji-Paraná basin. 21, 22 Three wells drilled on a riparian forest fragment (11.00107º S e 62.11766º W) were monitored for an entire year, from 2005 to 2006, sampled on a fortnight basis. The vegetation in the stand is tropical rainforest, locally denominated "Floresta Ombrofila Aberta", partially dominated by Palmae and lianas. The soils are classified as Ultisols (Argissolos accordingly to Brazilian Soil System), exhibiting moderate texture, sandy granulometry (60-80%), with silt and clay content increasing with depth (Kelly Balster, personal communication). Additionally, 18 sampling stations were defined in the Urupá River basin, 9 located at the right margin (the same as that of the riparian forest) and the remaining at the left margin ( Table 1 ). The wells were selected along dirt roads, starting near the Urupá River and ranging up to 20 km in distance from either margin of the river. These rural wells were sampled over the course of three weeks between January-February 2008, corresponding to a rainy period of the wet season and also during a single week in July 2008, which corresponds to the driest month along the dry season (precipitation < 50 mm).
Additional information about the rural wells such as age, installation, protective covering, distance from the closest source of contamination and maintenance were obtained by field observation and from local farm owners.
Experimental design
In forest wells, a peristaltic pump was employed to draw water to the surface, and sub-samples were taken for analysis after 30min flushing to ensure sampling of fresh groundwater. 23 At the rural wells, a Niskin bottle was used for the shallow wells and the artesian wells (tubular) were sampled directly from pumping systems, usually at taps installed before the tubes connected to domestic water storage tanks.
While in the field an aliquot was taken to measure electrical conductivity (using an Amber Science meter, model 2052), pH and temperature (using an Orion meter, model 250A). Additional aliquots were then filtered through glass fiber filters (GF/F, 0,7 µm nominal pore size), and stored in high density polyethylene (HDPE), preserved with thymol and in polyethylene flasks, preserved with mercury chloride, for the analysis of dissolved inorganic carbon isotope (d 13 C-DIC). Ion chromatography (Dionex DX-500) was employed to determine the concentrations of cations (Na + , Ca 2+ , Mg 2+ , K + , NH 4 + ) and anions (Cl -, SO 4 2-, NO 3 -). Carbon isotope was analyzed using a mass spectrometer (Finnigan -Model DeltaPlus).
Analytical performance was checked using certified water samples (Trois-94, NWRI, Canada) and also by calculating charge balance for each sample, as expressed by the equation: 24 Ion Percent Difference = [(∑ cations -∑ anions ) / (∑ cations + ∑ anions )] x 100
In this equation, µEq L -1 concentrations were used for cations and anions, respectively. The analytical precision for the measurements of ions was reasonable within ±5% of ionic balance error.
Statistics
A summary of data was achieved by using descriptive statistics. Normal distribution was evaluated by Shapiro-Wilk's test (significance set to p < 0.05). The nonparametric Wilcoxon two-sample test (Mann-Whitney) was used after checking non-normality of database (p<0.001) in order to compare the seasonal effects on solute concentrations. We also applied Spearman Rank Correlation to make comparisons between variables. Statistical analyses were performed using Statistica 6.1 (Statsoft Inc., Tulsa, OK, USA).
RESULTS AND DISCUSSION
The results of the chemical analysis of groundwater samples are given in Table 2 . The pH was somewhat acidic for all samples, with the right margin exhibiting more acidic values (median pH = 5.38) than the left (median pH = 5.75). Riparian groundwater displayed intermediate values, when compared with rural wells, with a median value of 5.47. The acidity found in forest wells is usually associated with carbonic acid dissolution, rock weathering and litter decomposition over the forest floor, which yields organic acids. [25] [26] [27] In fact, Williams et al. and Chaves et al. studying intact forests in Central Amazonas and Rondônia, respectively, found more acidic pH values (4.7 and 5.2) than those observed in the Urupá basin. 15, 16 In addition to the above mentioned factors influencing acidity in groundwater, in rural and urban areas, domestic and industrial sewage disposal and soil alteration through corrective products and fertilizers can also influence pH. 28 Hence, the proximity of wells to septic tanks could have led to the differences observed between the two riversides, mainly for the shallower wells. This is confirmed by the strong relationship between pH values and distance to the closest source of contamination (Table 1) , which is significant only to wells located at the right margin (Spearman Rank Correlation, r s = 0.74, p < 0.05), where the distance between wells and septic tanks was very short (median = 17.5 m) and below the recommendation of the Health Ministry (about 20 m). At the left margin, where most of wells are situated much farther apart from septic tanks (median = 31.5 m), no significant relationship was observed (Spearman Rank Correlation, r s = -0.38). All samples from the right margin and approximately 70% of the wells from the left margin exhibited pH values below 6.0, suggesting that these groundwater can be used for hygiene (bathing, cleaning, etc), but special care must be taken for drinking purposes. 29 In most wells waters showed low electrical conductivity values with a median value of 64.6 and 84.7 mS cm -1 at the right and left margins, respectively, which results from the existence of a highly weathered environment, as is common for tropical rainy Amazon basin. 30 A study conducted by Silva in urban wells at the city of Ji-Paraná, Rondônia State, showed values much higher than those reported in the Urupá River basin, averaging, respectively, from 147.3 to 232.3 mS cm -1 in tubular and shallow wells. 31 The author also found high concentrations of nitrate, which was attributed to contamination from septic tanks.
Concentrations of nitrate in groundwater at the study site indicate that this could also be occurring for most of the wells on the right margin and also for some at the left. While at the riparian wells average NO 3 concentration was 1.7 mg L -1 , at the left and right margins these values increased to 3.8 and 5.1 mg L -1 , respectively. A similar trend was observed for chloride, with average concentra- [32] [33] [34] For the two last studies, both authors agree that highest electrical conductivity was associated with locations where agricultural activities predominate.
At our site, both pastures and septic tanks can be contributing to the final composition of groundwater. Riparian groundwater (APU-1 -APU-3) and wells GW-15 -GW-17 show a tendency for increased chloride and nitrate concentrations (except for nitrate at APU-2 and GW-16) during the dry season (Table 3 ). An inverse trend is observed in most of the wells at the right margin, but also for wells GW-10 -GW-11 and GW-18 at the left, whereas the same pattern is observed, for example, for well GW-6 at the right margin, but at much higher concentrations. Most likely, wells with higher concentrations of these ions in the wet season receive larger contributions from overland and shallow subsurface flows on pastures, whereas those with above pristine water concentrations, but also higher ones during the dry season are also constantly supplied with septic tank leakages.
Riparian wells exhibited a median conductivity of 43.3 mS cm -1 emphasizing the depleted nature of the groundwater in this region. Other studies conducted in forest ecosystems in the Amazon region have also found low conductivity values. 15, 16 Concentrations of chemical constituents in groundwater showed high spatial variability, especially for anions ( Figure 1 ). The general order of dominance of cations in the groundwater of the studied area is Na + >> K + ≈ Ca 2+ > Mg 2+ and Ca 2+ > Na + > Mg 2+ > K + for right and left margins, respectively, whereas for anions it is Cl -> HCO 3 -≈ NO 3 ->> SO 4 2-(right) and HCO 3 ->> NO 3 -≈ Cl ->> SO 4 2-(left). In riparian groundwater, the cationic predominance was the same as in the right margin of the river, but an opposite trend for anions was found, which was similar to that of the left margin. These different patterns occurred probably due to different lithologic substratum between the two riversides, which could result for instance in distinct nutrient inputs into the Urupá River. The concentration of these ions varied seasonally, particularly for the right margin, where chloride dominance in the wet season was replaced by bicarbonate at the dry period, suggesting important weathering reactions in the latter season and increased atmospheric contributions in the former.
As suggested by Buckau et al., the dissolved inorganic carbon (DIC) of organic origin (sedimentary organic carbon = SOC) and of inorganic origin (from sedimentary carbonates) can be distinguished by their 13 C content. 25 Our results showed significant differences between forest and rural wells, with the first exhibiting a median value of -22.2‰ and the latter with -15.6 and -15.9‰ for right and left margins, respectively. This suggests that inorganic carbon in forest wells is predominantly derived from organic sources in the forest, mainly from biogenic soil CO 2 , since d 13 C signature for C-3 plants and corresponding humus is approximately -27‰, instead of rural wells which showed heavier values, probably due to the absence of forest floor organic layer and predominance of C-4 plants (d 13 C of approximately -12‰) in pasture fields around these properties.
In a study conducted in the Urupá River, Bolson found d 13 C-DIC Table 2 . Physical-chemical and major ion concentration in groundwater sampled on riparian and rural properties in the Urupá River basin (Rondônia, Brazil values of -8.48‰ closer to the values we found in rural wells, and the author attributed this fact to the presence of calcareous rocks upstream from our study site and C-4 vegetation in this sector of the basin. 35 Similar 13 C-DIC values in stream and rural wells and the fact that riparian forest is considerably narrow suggest that runoff from pastures may have a larger influence on carbon inputs into the Urupá River than riparian groundwater.
Hooda et al. showed that nitrate (NO 3 -) and ammonium (NH 4 + ) are the two most important forms of inorganic nitrogen in soil, with NO 3 being a freely mobile ion in the soil water potentially able to reach lower soil layers (groundwater), whereas NH 4 + tends to be retained into the soil by cation exchange processes. 36 In this study, a predominance of nitrate was observed for all samples, since ammonium is generally found in very small concentrations.
Nitrate was the main anion in three rural wells (GW-8, GW-14 and GW-18), and two of them which were installed superficially (cladded with concrete tubes) (GW-3 and GW-18) exhibited very high concentrations of this nutrient. Concentrations of NO 3 in these wells, 10.9 and 11.5 mg L -1 , respectively, are slightly above Brazilian potability standards, which restrict nitrate concentrations for water supply to less than 10 mg NO 3 -L -1 . Hooda et al. point out that the extent of nitrate leaching in rural areas is strongly influenced by land use, management practices, climate and soil types. 36 Hence, the high intensity of rainfall in the Amazon region in addition to both inadequate well installation and also ruminant excretion through urine and faeces might be influencing significantly higher nitrate concentrations observed near pastures. [37] [38] [39] [40] Dissolved inorganic nitrogen in the riparian forest was very low with a median value of 0.26 mg L -1 (n = 49) and 0.10 mg L -1 (n = 30) for nitrate and ammonium, respectively.
CONCLUSIONS
This study provides significant information about groundwater quality in parts of the Urupá River basin, Rondônia, Brazil. Groundwater is mostly solute-depleted in nature, and the overall solute concentrations, except for nitrate, are still within the permissible limits for human consumption according to Brazilian standards. 41, 42 Although ion dominance in the waters of the Urupá River is similar to that found in riparian wells, carbon isotope composition shows distinct carbon sources, where runoff seems to be more influential than riparian groundwater. These results are in agreement with the statement of Markewitz et al. who demonstrates that streams draining weathered soils, as those usually found in the Amazon region, may receive their ionic supply directly from upper soil layers instead of rock weathering and this fact may have an important role in the delivery of nutrients into the Urupá River. 43 
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